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We report the cloning and sequence analysis of the
yeast BAFI gene which encodes an abundant protein
previously shown to act as a transcription activator in the
YPTI - TUB2 intergene region. As predicted from the
DNA sequence, the highly hydrophilic Bafl protein is 731
amino acids long and has a molecular mass of 81 748
daltons. The protein product of the cloned BAFI gene
produced in Escherichia coli is able to form specific
complexes with DNA fragments containing the conserved
element TCN7ACG. The protein binds also to the ABF1-
binding site of the B-domain of ARSI, entertaining the
possibility that BAF1 and ABF1 are identical proteins.
Extensive deletion studies identified the N-terminal two
thirds of the Bail protein to be required for specific DNA
binding. Amino acid substitutions point to the N-terminal
sequence CysX7HisX3HisX4CysX4Cys to form an
atypical metal-binding 'finger' structure. Disruption of
the BAFI gene is lethal. The existence of five potential
Bafl-protein binding sites in the 5' region of the
gene suggests the involvement of the Bafl protein in
transcription regulation of its own gene.
Key words: ARSI-binding protein/BAF1 sequence/DNA-
binding proteinlSaccharomyces cerevisiae!transcription ac-
tivation
Introduction
Recent work in several laboratories led to the identification
in the yeast Saccharomyces cerevisiae of a conserved,
protein-binding DNA sequence element of the structure
5'-TCN7ACG-3'. This sequence, first noted to be included
in protein-binding DNA segments at different autonomously
replicating sequences, ARSs (Shore et al., 1987; Buchman
et al., 1988; Eisenberg et al., 1988; Diffley and Stillman,
1988), has also been detected in the 5' and 3' regions of
several yeast genes (Buchman et al., 1988; Dorsman et al.,
1988; Hamil et al., 1988; Halfter et al., 1989). The location
of this conserved sequence in the immediate neighbourhood
of several yeast genes as well as limited functional studies
have led to the view that protein binding to the TCN7ACG
sequence might result in the regulation of different cellular
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activities, like DNA replication, transcription activation,
repression and termination. Trans-acting proteins which bind
to the conserved sequence element have been given different
names, SFB-B (Shore et al., 1987), ABF1 (Buchman et al.,
1988), GF1 (Dorsman et al., 1988), OBF1 (Eisenberg et
al., 1988), TAF (Hamil et al., 1988), TyBF (Goel and
Pearlman, 1988) and BAFI (Halfter et al., 1989), and
molecular masses between 120 and 147 kd have been
determined for purified proteins binding to the TCN7ACG
sequence (Diffley and Stillman, 1988; Hamil et al., 1988;
Sweder et al., 1988; Francesconi and Eisenberg, 1989;
Halfter et al., 1989). It seems indeed plausible to assume
that, similar to the situation in mammalian cells where
specific DNA binding sites can be recognized by several
distinct trans-acting proteins, different yeast proteins might
specifically interact with the TCN7ACG sequence.
In a recent report we described the existence in the
YPTI- TUB2 intergene region of two partially overlapping,
protein-binding sequence elements conforming to the
TCN7ACG consensus sequence and demonstrated their
involvement in transcription activation. A trans-acting
protein of - 120 kd, BAF 1 (for bidirectionally acting
factor), was purified and the characteristics of its binding
to both sequence elements were analysed (Halfter et al.,
1989). We found that the purified Bafl protein not only
recognized the TCN7ACG sequences upstream of the
divergently transcribed YPTI and TUB2 genes but that
it could also interact, although with a seemingly lower
affinity, with the related ABF1-recognition sequence 5'-
AGCATTTTTGACG-3' of the B-domain of ARSI (Shore
et al., 1987; Buchman et al., 1988; Diffley and Stillman,
1988; Sweder et al., 1988).
To address the question whether multiple, possibly related
proteins bind to the conserved DNA sequence element, we
have cloned the gene encoding the Bafl protein. The 731
residue long protein product of the essential BAFI gene has
a peculiar primary structure and it is not significantly related
to other DNA-binding proteins. Bacterially produced Bafl
protein and a deletion mutant, from which the highly acidic
C-terminal region of 200 amino acids was removed, is
shown to bind specifically to short DNA fragments carrying
the BAF1-binding sequence element of the YPT -TUB2
intergene region (Halfter et al., 1989) as well as the
ABF1-binding sequence in the B-domain of ARSI (Buchman
et al., 1988; Diffley and Stillman, 1988; Sweder et al.,
1988). In addition, substitution of either a cysteine or
histidine residue within a short stretch of the N-terminal
region that only loosely resembles a metal-binding 'finger'
structure abolishes specific DNA binding of the bacterially
produced Bafl mutant proteins. We also show in this report
that several Baf1 protein-binding sequences are located
upstream of the protein-coding part of the BAFI gene,
indicating the possible involvement of the Bafl protein in




Cloning of the BAF1 gene
The S. cerevisiae Bafl protein, purified as described
previously (Halfter et al., 1989), was subjected to limited
tryptic digestion and -49 peptides were resolved by
reversed phase HPLC. Partial sequences, of 21 and 27 amino
acids respectively, were obtained from two selected peptides
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Fig. 1. Identification of BAFI gene sequences in fragmented yeast
DNA. Total cellular DNA from diploid S.cerevisiae strain AH2215
was digested with the restriction endonucleases indicated and the
resulting fragments were separated in a 0.8% agarose gel.
Hybridization was performed in the dried gel using a mixture of
degenerate, 5' end-labelled oligonucleotides, complementary to the























(see Figure 2). A mixture of degenerate oligonucleotides,
corresponding to the peptide sequence Glu-Tyr-His-Leu-
Ala-Asn-Thr-His-Pro-Asp-Asp-Thr-Asn (see Figure 2), was
synthesized and used to identify BAFJ-coding fragments
in restriction enzyme-digested total yeast DNA. Single
hybridizing fragments were observed with either PstI
(13.0 kb), BamHI (11.5 kb), HindIll (6.5 kb) or EcoRl
(4.3 kb) digested DNA (Figure 1). From a preparative
agarose gel, EcoRI and BamHI fragments corresponding
in length to the hybridizing fragments were eluted and
cloned in pBLUESCRIPT KS. Recombinant plasmids were
screened with the synthetic oligonucleotides and, after
restriction mapping and subcloning into pUC plasmids or
M13 phages, several DNA fragments were subjected to
sequence analysis.
An open reading frame of 731 codons was found to be
contained in the 11.5 kb BamHI fragment. The ATG,
suggested to mark the start of the BAF] protein-coding region
(see Figure 2), is preceded by translation termination codons
in all three reading frames. In addition, the absence of the
conserved splicing signal sequences (Langford and Gallwitz,
1983; Langford et al., 1984) near the coding region excludes
a mosaic structure of this gene. Most importantly, the amino
acid sequences derived from the analysis of the two Bafl
tryptic peptides were found to be included in the open reading
frame (boxed in Figure 2).
Structure of the Baf1 protein
According to the DNA sequence, the BAF] gene encodes
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Fig. 2. Nucleotide sequence of the BAFI gene and predicted amino acid sequence of its protein product. The sequences obtained by tryptic peptide
sequencing of the purified Bafl protein are boxed. The peptide from amino acids 133-149, used to raise a polyclonal antibody, is indicated by
arrows. Also boxed are His57 and Cys7l, shown by mutational analysis to be important for DNA binding of the Bafl protein. The histidine and
cysteine residues, implicated in the formation of a metal-binding 'finger' structure, are marked with asterisks. Potential Bafl protein-binding sites
upstream of the translation initiation codon, tabulated in Figure 6, are boxed. Partially overlapping sequences that conform to the consensus
TCN7ACG are labelled with a (upper strand) or b (lower strand). Numbers to the left and right refer to either the nucleotides 5' to the ATG codon
(-1 to -292) or to the amino acids deduced from the nucleotide sequence (1 -731).
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Fig. 3. Delineation of Baf protein sequences required for the
formation of specif-ic complexes with DNA. (A) Gel retardation
analysis of complexes formed with partially purif-ied yeast Baf protein
or with bacterially produced wild-type and mutant Baf I proteins and
three different double stranded DNA fragments described previously
(Halfter et al., 1989): 53 bp fragment WT, containing the Baf
protein-binding site of the YPTJ TUB2 intergene region (1); 24 bp
fragment IIPM5, containing a mutated, inactive binding site (2); 32 bp
fragment Arsi, containing the ABFI-binding site of ARSI (3). The
faster moving complexes (C) most likely contain a major degradation
product of the Bafl1 protein. (B) Schematic representation of BAFJ
gene with various restriction sites used to create deletions, and of
mutant Bafl1 proteins lacking different parts of the protein sequence.
Solid lines represent the sequence regions retained in the deletion
mutants, open boxes indicate short segments of additional amino acids
at the N- and C-terminal ends. The amino acids deleted and the point
mutations introduced into different mutant proteins are indicated at the
left. The Hindlll and the BamHI restriction sites shown in parentheses
were created by site directed mutagenesis to insert the protein-coding
region of the BAFJ gene into HindIIIIBamHl cut plasmid pUC9.
a protein of 731 amino acid residues with a molecular mass
of 81 748 daltons. This value is significantly smaller than
the apparent molecular mass of the Baf protein determined
by SDS -PAGE. Simiflar discrepancies have been noted with
other yeast DNA-binding proteins, including GCN4 (Hope
and Struhl, 1986), RAPI (Shore and Nasmyth, 1987) and
HSF (Sorger and Pelham, 1988). The protein is extremely
hydrophilic, it has a net charge of -59 and an isoelectric
point of 4.77. A remarkable feature of the protein is its
disproportionally high amount of acidic and basic residues
(Glu + Asp 17.5%, Lys + Arg 9.4%), of hydroxyl residues
(Ser + Thr 14.5%) and of asparagines (1 4.5%); all of them
are often clustered.
By searching the EMBL and NBRF data banks, no
significant homologies were detected between the Baf and
any other protein. Especially, the Bafl1 protein is devoid of
typical metal-binding sequence motifs which would conform
to the 'zinc-finger' structure found in several eukaryotic
transcription factors (for reviews see Klug and Rhodes, 1987;
Evans and Hollenberg, 1988). The only three cysteine
residues reside in the N-terminal domain of the protein at
positions 49, 66 and 7p1. Their possible relevance to the
DNA-binding property of the Baf1 protein will be discussed
below.
DNA binding of bacterially produced wild-type and
mutant Baf 1 proteins
As we have previously shown, the Bafl protein acts as a
transcription activator by binding to a conserved sequence
element, TCN7ACG (Halfter et al., 1989). The same
or related proteins, called SFB-B, ABF1 or OBF1 and
exhibiting similar DNA-binding specificity, have also been
documented to play a role in transcription silencing and DNA
replication (Shore et al., 1987; Eisenberg et al., 1988;
Kimmerly et al., 1988).
To demonstrate unequivocally that the gene coding for the
Bafl protein was cloned, the protein-coding region under
transcriptional control of the lac promoter was expressed
in Escherichia coli. For this purpose, a HindIlI restriction
site was generated at the beginning of the BAFI-coding
region and a BamHI cutting site was introduced into the
3'-untranslated region of the gene (152 nucleotides following
the translation stop codon) to insert the HindIII-BamHI
fragment into HindHIlBamHI cut pUC9. In the recombinant
plasmid, pBAF1-1, an open reading frame was generated
with eight amino acid residues, Met-Thr-Met-Ile-Thr-
Pro-Ser-Leu, fused to the N-terminal aspartic acid of the
Bafl protein.
To monitor the production of the Bafl protein in E. coli,
an affinity purified polyclonal antibody generated against a
Bafl peptide (residues 133-149, see Figure 2) was used
in a Western blot analysis. As can be seen in Figure 4, this
antibody reacted with a protein in pBAF1-1-transformed
E. coli that exhibited the same electrophoretic mobility as the
Bafl protein isolated from yeast. According to the protein
blot analysis, comparable amounts of the Bafl protein were
present in a 12 000 g supernatant and the pellet fraction
of lysed bacteria (data not shown). Coincident with the
production of the Bafl protein was the ability of the E. coli
soluble protein extracts to form specific complexes with
DNA fragments which contained the Bafl protein-binding
sequence analysed previously (Halfter et al., 1989). In gel
retardation assays using the synthetic oligonucleotides WT,
IlPM5 and ArsI (Figure 3), we found that the bacterially
expressed, cloned Bafl protein behaved indistinguishably
from the Bafl protein isolated from yeast: it bound to the
sequence located between the YPTI and the TUB2 gene
(Halfter et al., 1989) as well as to the ABF1-binding
sequence located in the B-domain of ARS] (Buchman et al.,
1988; Diffley and Stillman, 1988; Halfter et al., 1989). The
specificity of binding was further demonstrated with a
mutated binding region (fragment I1PM5, see Figure 3)
which had lost its Bafl protein-binding capacity because of
an A/T to G/C transition in the tenth position of the
consensus sequence previously shown to be essential for Bafl
protein-DNA interaction (Halfter et al., 1989).
In a first attempt to locate the DNA-binding domain of
the Bafl protein, several deletion mutants were generated,
expressed in E. coli and analysed with respect to their ability
to bind to the DNA fragments shown in Figure 3A. Internal
deletions were generated with nuclease Bal31 from various
single restriction sites located within the protein-coding
region: MluI, StuI, ApaI, KpnI and EcoRV (Figure 3B).
All of the mutants analysed carried at their amino terminus
the eight amino acids described above for the bacterially
produced Bafl wild-type protein. The C-terminal deletion
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Fig. 4. Identification by immunoblot analysis of bacterially produced
Bafl wild-type and the mutant proteins. Total soluble proteins from
E.coli strain JM11, transformed with the different expression
plasmids and treated with 1 mM IPTG for 2 h, were separated by
SDS-PAGE on either an 8% (A and C) or a 12% polyacrylamide gel(B). After protein transfer to nitrocellulose, filters were first treated
with the affinity purified Bafl anti-peptide antibody and then stained
with biotinylated anti-rabbit Ig antibody from donkey and streptavidin-
conjugated horseradish peroxidase according to the supplier's
recommendations.
mutants Bafl-A581/731, Bafl-A351/731, Bafl-A530/731,
Bafl-A 197/731 and Bafl-A327/731 had in addition a
C-terminal extension of 11, 13, 53, 12 and 14 amino acid
residues respectively (see Figure 3B). The different mutant
proteins could be identified in E.coli extracts by Western
blot analysis using the polyclonal anti-peptide antibody,
except mutant Bafl-A33/240 which lacked this peptide
sequence. Like the Bafl wild-type protein, all of the mutants
exhibited an apparent molecular mass larger than that
expected from their amino acid composition, and a ladder
of similar degradation products was observed with all of the
bacterially produced Bafl proteins (Figure 4).
We found that the deletion of the C-terminal 202 amino
acids (mutant Bafl-A530/731) did not interfere with specific
DNA binding (Figure 3A). In contrast, deletions of different
extent past amino acid residue 32 proved to be deleterious
for the protein's ability to bind to the TCN7ACG sequence.
The shortest deletion analysed, Bafl-A33/54, had 22 amino
acids removed, including cysteine 49 (Figures 2 and 3B).
However, the deletion mutant Bafl-A 1/47 lacking the
N-terminal 47 amino acids, but containing all three cysteine
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Fig. 5. Disruption of the BAFJ gene. (A) Schematic representation ofthe BAFI gene from which the 658 bp ApaI-NcoI fragment (codons327-547) was deleted and replaced by a 1.77 kb BamHI fragmentharbouring the yeast HIS3 gene. The mutant gene on a 5.4 kb EcoRIfragment was used to transform a homozygous his3- diploid strain to
replace one of the BAFI alleles. (B) Southern blot analysis of HindIlldigested total cellular DNA from untransformed yeast (lane 1) andfrom three transformants showing correct integration of the disrupted
gene fragment (lanes 2-4). After electrophoretic separation in an
agarose gel, DNA fragments were transformed to a nitrocellulose filter
and hybridized against a 32P-labelled 6.5 kb HindIll fragment carryingthe BAF] gene and adjacent sequences. Gene replacement of one alleleis shown by the generation of a 5.2 and a 2.3 kb fragment in addition
to the 6.5 kb fragment of the unchanged BAFI locus.
residues of the protein, was likewise unable to bind to DNA.
Indeed, more than two-thirds of the Bafl protein, beginningfrom the amino terminus, was required to retain the DNA-binding activity of the mutant proteins.
Substitutions of His57 and Cys7l interfere with
specific DNA binding
The Bafl protein contains three cysteine residues that arelocated at positions 49, 66 and 71. Together with twohistidines at positions 57 and 61, this region of the protein,CX7HX3HX4CX4C, displays some, rather loose
resemblance to metal-binding structures found in several
eukaryotic DNA-binding proteins.
To address the question of whether cysteine or histidine
residues within this region of the Bafl protein are importantfor DNA binding, mutant proteins with substitutions H57Q
or C71S were generated, expressed in E.coli (Figure 4)
and used in band shift analysis with the double stranded
DNA fragments WT, I1PM5 and ArsI. As can be seen in
Figure 3A, Bafl proteins harbouring either one of these
substitutions, or both of them, were ineffective in specificDNA binding. If one assumes that these substitutions do not
severely perturb the overall conformation of the protein, apossibility more likely to apply to the different deletion
mutants described in the preceding paragraph, then a
metal-binding 'finger' structure of the Bafl protein is





Molecular analysis of BAF1
The BAF1 gene product is essential for cell viability
Our finding that the cloned Bafl protein binds to a conserved
DNA sequence element in the YPTI - TUB2 intergene region
as well as at ARS] might indicate that it is the same DNA-
binding protein to which different functions have been
ascribed. In this case, it would be expected that Bafl is an
essential protein. To answer this question, a gene disruption
experiment was performed.
The region between the single ApaI restriction site and
the NcoI restriction site in the 3' part of the BAF] gene
was deleted (codons 327 -547) and replaced by a 1.77 kb
fragment harbouring the S. cerevisiae HIS3 gene. A
homozygous his3- diploid strain was transformed with a
linear 5.4 kb EcoRI fragment for the disruption by a
homologous recombination event of the BAF] gene of one
chromosome (Figure 5A). Three His3+ transformants were
selected and subjected to tetrad analysis. All of them gave
rise to only two viable spores and these were of his3 -
phenotype. Correct integration of the disrupted gene at the
BAF] locus was verified by Southern analysis (Figure SB).
This shows that the BAFI gene encodes an essential protein.
Multiple Baf1 protein-binding sequences in the 5'
region of the BAF1 gene
Inspection of the BAF] gene sequence revealed the existence,
between base pairs 53 and 263 upstream of the ATG
initiation codon, of five sequence elements related to the
consensus sequence TCN7ACG known to bind the Bafl
protein. This raises the question whether the Bafl protein
itself or related proteins are involved in the transcriptional
activity of the BAF] gene. Figure 6 gives a comparison of
these sequences, and their location within the 5' region of
the BAF] gene is shown in Figure 2. In two cases, the
potential Bafl protein-binding sequences display opposite
orientation and overlap partially.
To investigate the possible role of these DNA sequences
in Bafl protein-binding, we synthesized a 28 bp double
stranded DNA fragment containing one of the potential
binding sites (base pairs 153-180 upstream of the ATG
initiation codon) and subjected it to a gel retardation
experiment with the Bafl protein isolated from yeast. As
shown in Figure 6, a specific DNA-protein complex was
formed with this fragment, but not after introducing a point
mutation changing the conserved G/C base pair to a T/A
base pair in the last position of the highly conserved binding
sequence.
Discussion
The Bafl protein that we have previously shown to bind in
a sequence-specific manner to part of a palindromic sequence
located midway between the divergently transcribed YPT1
and TUB2 genes acts as a transcription activator (Halfter et
al., 1989). We have now cloned the gene encoding this
protein with the help of a mixture of oligonucleotides
corresponding to a peptide sequence determined after partial
tryptic digestion of the purified Bafl protein. Evidence for
the cloning of the correct gene is the presence within the
open reading frame of 21 and 27 amino acid long sequence
regions established by sequencing Baf 1 tryptic peptides and
the ability of the bacterially expressed protein product of the
cloned gene to bind specifically to the previously identified
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Fig. 6. Sequence-specific binding of purified yeast Baf1 protein to a
synthetic 28 bp DNA fragment containing one of the five potential
binding sites found in the 5' region of the BAFI gene. The five
potential binding sites (see also Figure 2) together with the
BAFI/ABFl binding consensus sequence (Halfter et al., 1989) are
shown to the left; highly conserved nucleotides are shown by bold
letters. One strand of the DNA fragments carrying either the potential
binding site II (BBII) or a mutated binding site II (BBIIpM) is shown
beneath the autoradiogram of the band shift analysis. DNA-Bafl
protein complexes (C) were formed with the DNA fragments WT (see
legend to Figure 3) and BBII but not with DNA fragment BBIIpM
having a point mutation known from previous studies to interfere with
Bafl protein-binding (Halfter et al., 1989).
This cis-acting sequence is similar to protein-binding DNA
segments found 5' and 3' to other yeast genes (Buchman
et al., 1988; Dorsman et al., 1988; Hamil et al., 1988),
in a mutated Ty2 element (Goel and Pearlman, 1988) and
at several ARSs (Shore et al., 1987; Buchman et al., 1988;
Eisenberg et al., 1988), all of which conform to the
consensus sequence RTCRYYN4ACG (Halfter et al.,
1989). This sequence motif, to which a protein called SFB-B,
ABF1 or OBF1 binds at the silent mating type loci HML
and HMR as well as to various ARS elements, has been
implicated to function in transcription repression and/or
DNA replication (Shore et al., 1987; Buchman et al., 1988;
Diffley and Stillman, 1988; Eisenberg et al., 1988;
Kimmerly et al., 1988; Sweder et al., 1988).
A critical question is whether it is one and the same protein
that, bound to the conserved sequence element, fulfils several
distinct functions. The results reported here lend proof to
this possibility since the bacterially produced Bafl protein
similarly binds to the Baf1 -binding sequence of the YPTI -
TUB2 intergene region, which is devoid of ARS activity,
and to the ABF1-binding site ofARS]. As the ABF1-binding
site in the B-domain ofARS] is dispensable for the replication
function and the B-domain has the ability to activate
transcription of a reporter gene located downstream (Brand
et al., 1987), it has been hypothesized that the Abfl protein
could indeed function in the transcriptional activation of some
replication origins (Sweder et al., 1988). It might be,
therefore, that the Bafl and the Abfl protein are functionally
equivalent and that they are the product of the BAFI] gene
we have isolated. On the other hand, the factor, called OBF1,
which binds to the TCN7ACG sequence at ARS121 seems
to be required for replication function (Walker et al., 1989),
and the ABF1-binding site, in conjunction with a binding
region for RAPI (Shore and Nasmyth, 1987), is essential
for transcription repression at the silent mating type loci
(Kimmerly et al., 1988). As there are precedents from
higher eukaryotic cells for DNA-binding proteins with dual
function, like NFl which is active in transcription activation
and DNA replication (Santoro et al., 1988), it does not seem
justified at present to dismiss the possibility that different
proteins recognize the TCN7ACG sequence motif in yeast.
This indeed would be a case analogous to the octamer
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transcription factors in mammalian cells, a group of at
least three nuclear proteins, Oct-i, Oct-2A and Oct-2B,
recognizing the same DNA sequence elements (Kemler et
al., 1989).
The Bafl protein is an abundant yeast protein and, as we
have shown in this report, it is essential for cell growth. The
C-terminal region of 202 amino acids with a net negative
charge of -33 is dispensable for DNA binding. This acidic
domain of the protein is a candidate for the interaction
with other proteins which would be in line with earlier
observations on the acidic nature of the 'activating regions'
of other DNA-binding regulatory proteins in yeast (Ma and
Ptashne, 1987; Gill and Ptashne, 1987). From the study of
the various mutant proteins we have analysed, it follows that
sequences responsible for specific DNA binding lie within
the N-terminal two thirds of the Bafl protein. Assuming that
the correct fold of functional domains of the bacterially
produced proteins is not disturbed, which seems to be the
case for the wild-type Bafl protein and some of the
C-terminal deletion mutants retaining their specific DNA-
binding property, then one can argue that sequences
important for DNA binding are located within the first 47
amino acid residues as well as in the region of amino acids
402-530. This follows from the observation that mutant
proteins lacking either the N-terminal 47 amino acids or
amino acids 403 -626 were inactive in DNA binding
whereas the deletion of amino acids 530-731 did not impair
specific DNA binding. Although the Baf 1 protein and its
mutant derivatives produced in E. coli were not completely
stable, a significant fraction of all of the proteins could be
easily detected in undegraded form in the bacterial extracts
used for the DNA-binding analyses. However, we cannot
exclude the realistic possibility that the conformation of at
least some of the mutant proteins produced in E.coli was
perturbed, resulting in their inability to bind to DNA.
We noticed that the only three cysteines of the Bafl
protein are positioned in rather close proximity within the
polypeptide chain (positions 49, 66 and 71). It is conceivable
that these cysteine residues, together with the histidine
residues in positions 57 and 61, are employed in the co-
ordination of zinc. To this end, we have substituted His57
with glutamine and Cys71 with serine. Both substitutions
abolished specific DNA binding of the mutant proteins, a
result consistent with the inferred role of the two amino acids
in zinc-finger formation. One could imagine that zinc is
tetrahedrally coordinated either to Cys49 and His57 and the
pair of cysteines in position 66 and 71 or else to the two
pairs of histidines (positions 57 and 61) and cysteines
(positions 66 and 71). Although other arrangements are
possible, in either case the proposed structure would deviate
from known and putative zinc-fingers observed in a variety
of other eukaryotic DNA-binding regulatory proteins (for
reviews see Klug and Rhodes, 1987; Evans and Hollenberg,
1988). In particular, the loop formed between the pairs of
amino acids to which the Zn atom could be coordinated is
unusually short, eight amino acids in the first and only
four amino acids in the second model. In this respect, the
zinc-finger structures discussed would resemble the one
proposed for the single stranded DNA-binding gene 32
product of bacteriophage T4, a protein known to require zinc
for its DNA-binding capacity (Giedroc et al., 1986). If a
zinc-binding structure indeed exists in the Bafl protein, as
is suggested by the loss of specific DNA binding following
the H57Q and C7lS substitutions, it seems likely that
it serves a function in stabilizing a particular protein
conformation rather than in binding directly to a specific
DNA sequence. Whether this is true and whether, as
discussed above, the Bafl protein region 403 -530 with its
clusters of basic amino acid residues also contributes to
sequence-specific DNA binding has to await further
mutational analyses.
An interesting feature of the BAF] gene is the presence
of five potential Bafl protein-binding sequences located in
the region 53-262 bp upstream of the translation initiation
codon. One of these sequences, included in a 28 bp synthetic
DNA fragment, was analysed in a band shift experiment and
shown to bind the Bafl protein purified from yeast as well
as the bacterially produced Bafl protein. This result might
mean that the BAF] gene is regulated by its own gene
product. Such a regulatory principle is also known from the
Drosophila segmentation gene fushi tarazu (ftz) which, via
an enhancer-like upstream element, is regulated by the
homeodomain-containingftz gene products itself (Hiromi and
Gehring, 1987). Two other Drosophila homeobox genes,
Ultrabithorax (Ubx) and Deformed (Dfd), are likewise
subject to autoregulation (Bienz and Tremml, 1988; Kuziora
and McGinnis, 1988) which might ensure a persistent
expression of these genes.
In the case of the yeast BAF] gene, should it be identical
with the genes encoding the Abfl and other TCN7ACG-
binding proteins described, autoregulation could be a
mechanism to provide the cell with sufficient amounts of
protein to fulfil its versatile functions under different growth
conditions. Taking into account the possible ability of
this protein to either activate or repress transcription, the
existence of multiple Bafl protein-binding sites in the 5'
region of the BAF] gene could mean that, depending on the
site(s) occupied by the protein, either transcription activation
or repression of the gene could result. Preferential association
with a specific binding site could depend, for example, on
the cellular concentration of Bafl protein or on the
availability of other factors. The role in vivo of the different
potential Bafl protein binding sequences upstream of the
BAFJ gene is currently under study.
Materials and methods
Peptide analysis of Baf 1 protein
The Baf 1 protein purified as described previously (Halfter et al., 1989),
was subjected to SDS -PAGE on a 7.5% acrylamide gel and electroblotted
onto polyvinylidene difluoride (PVDF) membranes as described (Bauw et
al., 1987). The proteins were located on the blot by amido black staining(Pluskal et al., 1986). The major protein bands of - 120 and 90 kd were
cut out from the blots and in situ digested with trypsin (Bauw et al., 1988).
Peptides eluting from the membrane during the digestion were loaded on
a Vydac (Separations Group, Hesperia, CA, USA) C4-reversed-phase
column (0.46 x 25 cm). The column was equilibrated in 0.1%
trifluoroacetic acid (TFA) and eluted with a linear gradient of 70% acetonitrile
in 0.1% TFA applied over a 70 min period. Peptides were detected by UV
absorbance at 214 nm and collected by hand. Two selected peptides (peptides
33 and 39) were sequenced on an Applied Biosystems Inc. (Foster City,
CA, USA) U70A gase-phase sequenator equipped with a 120A phenylthio-
hydantoin amino acid analyser.
BAF1 gene cloning and sequence analysis
Mixtures of oligonucleotides, representing the complementary strands and
including every possible codon corresponding to the peptide sequencesWSKPDQITHSDVSMVGLDE (part of peptide 33) and EYHLANTHP-
DDTN (part of peptide 39), were synthesized and 5' end-labelled with
T4 polynucleotide kinase and [-y-32P]ATP (sp. act. 5000 Ci/mmol,
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Amersham). Total yeast DNA, digested with the restriction endonucleases
PstI, BamHI, HindmI and EcoRI, was separated in 0.8% agarose gels, and
hybridization was performed in the dried gels with one of the two mixtures
of end-labelled oligonucleotides at 45°C for 4-12 h in a solution consisting
of 5 x SSC, 0.1% SDS and 0.1 mg/ml of heat-denatured calf thymus DNA.
The gels were washed twice for 10 min in 2 x SSC, 0.1% SDS at room
temperature and once each in the same solution at 58 and 62°C.
DNA fragments in the region of the gel giving hybridization signals were
eluted from a preparative agarose gel and cloned into pBLUESCRIPT KS
vector (Stratagene GmbH, Heidelberg). Colony screening was performed
according to Buluwela et al. (1989) using as hybridization probes the
oligonucleotides described above and a hybridization temperature of 55°C.
The 4.3 kb EcoRl fragment of the cloned recombinant plasmid pBAF1-E
was shown to contain single NcoI and BglH cutting sites. The EcoRI -NcoI
fragment (1.5 kb), the NcoI-Bglll fragment (1.4 kb) and the BglH-EcoRI
fragment (1.47 kb) were cloned into phage Ml3mpl9 and used for DNA
sequence analysis according to Sanger (1977) using universal primers and
other primers synthesized according to newly established sequences.
When it became evident that pBAF1-E lacked the 5' sequences of the
gene, subclones of the recombinant plasmid pBAF1-B, carrying the 11.5 kb
BamHI fragment, were subjected to sequence analysis.
Generation of BAF1 gene mutants
Deletion mutants were generated by cutting plasmid pBAF1-1 at either
of the single restriction sites MluI, StuI, ApaI, KpnI or EcoRV contained
in the protein-coding region and treating the linearized plasmids with
exonuclease Bal3l for different periods of time. After stopping the nucleolytic
reaction at 75°C, followed by treatment of the reaction mixtures with
phenol-chloroform, plasmids were recircularized with T4 DNA ligase and
cloned in E.coli. Plasmids having deletions of appropriate length were
sequenced to determine the exact extent of deletions and the reformation
of a continuous reading frame. Point mutations were introduced into the
protein-coding region of the BAF1 gene by site-directed mutagenesis using
single stranded, recombinant phage M13-BAFI.
Expression of the Baf 1 protein and its mutant derivatives in
E.coli
A 660 bp HindmI-EcoRI fragment of pBAF1-B, containing the 5' upstream
region as well as codons 1-55 of the BAF1 gene, was cloned in M13mpl9
and used to introduce a HindIIl restriction site at the start of the protein-
coding region. Similarly, a 1.6 kb KpnI-Bgll fragment containing codons
481-731 and sequences following the BAFI gene, was cloned in M13mpl8
and used to introduce a BamHI restriction site 152 bp downstream of the
translation termination codon. The 160 bp HindmJ -EcoRI fragment (codons
2-55), the 1.28 kb EcoRl-IKpnI fragment (codons 56 -480) and the 906 bp
KpnI-BamHI fragments (codons 481-731 and - 150 bp of 3' untranslated
sequence) were obtained from the recombinant phages and pBAF1 -E and
ligated into HindmIl and BamHI cut pUC9. The resulting plasmid, pBAF1-1,
contains an open reading frame consisting of eight amino acids, Met-Thr-
Met-Ile-Thr-Pro-Ser-Leu-, of the lacZ gene fused to the second amino acid
(aspartic acid) of the Bafl protein. This plasmid was used to transform Ecoli
strains RR1 and JM101 for the production of the yeast protein. Foreign
protein expression was induced with 1 mM IPTG for 2-3 h.
BAF1 gene disruption
For in vivo gene disruption, a 658 bp ApaI-NcoI fragment (codons
327-547) was deleted from pBAFl-E and, after the overhanging ends were
filled in with the Klenow enzyme, a 1.77 kb blunt-ended BamHI fragment
harbouring the S. cerevisiae HIS3 gene was ligated into the opened plasmid
to replace the deleted ApaI-NcoI fragment of the BAFI gene. The resulting
plasmid, pBAF1-ED, was used to transform by the method of alkali cation
treatment (Ito et al., 1983) a homozygous his3- diploid strain, AG430(a/cW
his3/his3leu2/leu2). Procedures for the growth of yeast cells, sporulation
of diploids, dissection of tetrads and scoring of genetic markers were carried
out by standard techniques as described by Mortimer and Hawthorne (1969).
Generation of anti-peptide antibodies and immunoblotting
The peptide Lys-Leu-Asp-Phe-Val-Thr-Asp-Asp-Leu-Glu-Tyr-His-Leu-Ala-
Asn-Thr-His (amino acids 133-149 of the Baf 1 protein), was synthesized
and coupled to either BSA or haemocyanin using I-ethyl-3-(3-dimethyl-
aminopropyl)-carbodiimide (EDC) as coupling reagent. Rabbits were injected
with -1 mg of the coupled peptide emulsified in complete Freund's adjuvant
and boosted with the same coupled peptide, emulsified in incomplete Freund's
adjuvant, three times at 4-week intervals. Antipeptide antibodies from
25-50 miserum were purified firston a Protein A -nSepharose column
and then by affinity chromatography using the peptide coupled to activated
CH-Sepharose (Pharmacia).
Partially purified Bafl protein from yeast and extracts from E. coli
producing the Bafl protein were electrophoresed in an 8% SDS-
polyacrylamide gel (Laemmli, 1970). Separated proteins were transferred
to nitrocellulose by the method of semi-dry graphite blotting (Biometra,
Gottingen, FRG). The filters were stained with Ponceau red to check the
efficiency of transfer and to localize the size marker proteins. After destaining
with water, proteins reacting with the affinity purified antipeptide antibody
were identified with the biotin -streptavidin system (Amersham).
Band shift analysis
To monitor specific complex formation between TCN7ACG sequence-
containing DNA fragments and the Bafl protein, three double stranded DNA
oligonucleotides (53 bp WT containing the Bafl protein-binding sequence
of YPTI - TUB2 intergene region; 24 bp IlPM5 containing an inactive
binding site; 32 bp Arsl containing the ABFl-binding site of ARSI) were
synthesized, 5' end-labelled and subjected to band shift analysis as described
previously (Halfter et al., 1989) with either partially purified Bafl protein
from yeast or with soluble proteins derived from E.coli strain JM101
expressing wild-type and mutant yeast Bafl proteins (see above). To prepare
bacterial extracts, an overnight culture of E. coli containing one of the pBAF1
expression plasmids was used to inoculate a 50 mi culture to a density of
-0.5 (OD6W). The bacteria were then grown for 2-3 h either in the
absence or presence of 1 mM IPTG.
Cells were centrifuged and resuspended in 2.5 mi of buffer A (10 mM
Tris-HCl, pH 8.0,25% sucrose, 2 mM DTT, 2 mM PMSF). 0.5 ml of
buffer B (0.3 M Tris-Cl, pH 8.0, 50 mM EDTA, 4 mg/mi lysozyme)
was added and cells were incubated for 10 min on ice. After adding 3.0 mi
of buffer C (1 M LiCl, 20 mM EDTA, 0.5% NP40), the cells were disrupted
by three 10 s bursts with a Branson sonifier. The extracts were then cen-
trifuged for 10 min at 12 000 g, and the supernatant was used for band
shift analyses. Supernatant and pellet were subjected to immunoblot analysis.
Acknowledgements
We would like to thank J.Van Damme for performning the gas-phase sequence
analysis, H.-P.Geithe for synthesizing oligonucleotides and peptides,
P.Mienkus for technical assistance, N.Johnson for valuable discussions and
I.Balshusemann for secretarial help. J.V. was supported by grants from
the Commission of the European Communities and the Belgian National
Fund for Scientific Research (NFWO). Part of this work was supported
by a grant to D.G. from the Fonds der Chemischen Industrie.
References
Bauw,G., Deloose,M., Inze,D., VanMontagu,M. and Vanderkerkhove,J.
(1987) Proc. Natl. Acad. Sci. USA, 84, 4606-4810.
Bauw,G., Van den Bulcke,M., Vandamme,J., Puype,M. and
Vanderkerkbove,J. (1988) J. Protein Chem., 7, 194-196.
Bienz,M. and Tremml,G. (1988) Nature, 333, 576-578.
Buchman,A.R., Kimmerly,W., Rine,J. and Kornberg,R.D. (1988) Mol.
Cell. Biol., 8, 210-225.
Buluwela,L., Forster,A., Boehm,T. and Rabbitts,T.H. (1989) Nucleic Acids
Res., 17, 432.
Diffley,J.F.X. and Stillman,B. (1988) Proc. Natl. Acad. Sci. USA, 85,
2120-2124.
Dorsman,J.C., van Heeswijk,W.C. and Grivell,L.A. (1988) Nucleic Acids
Res., 16, 7287-7301.
Eisenberg,S., Civalier,C. and Tye,B.-T. (1988) Proc. Natl. Acad. Sci. USA,
85, 743-746.
Evans,R.M. and Hollenberg,S.M. (1988) Cell, 52, 1-3.
Francesconi,S.C. and Eisenberg,S. (1989) Mol. Cell. Biol., 9, 2906-2913.
Gill,G. and Ptashne,M. (1987) Cell, 51, 121-126.
Giedroc,D.P., Keating,K.M., Williams,K.R., Konigsberg,W.H. and
Coleman,J.E. (1986) Proc. Natl. Acad. Sci. USA, 83, 8452-8456.
Goel,A. and Pearlman,R.E. (1988) Mol. Cell. Biol., 8, 2572-2580.
Halfter,H., Muller,U., Winnacker,E.-L. and Gallwitz,D. (1989) EMBO
J., 8, 3029-3037.
Hamil,K.G., Nam,H.G. and Fried,H.M. (1988) Mol. Cell. Biol., 8,
4328-4341.
Hiromi,Y. and Gehring,W.J. (1987) Cell, 50, 963-974.
Hope,I. and Struhl,K. (1986) Cell, 46, 885-894.
Ito,H., Fukuda,Y., Murata,K. and Kimura,A. (1983) J. Bacteriol., 153,
163-168.
Kemler,I., Schreiber,E., Muller,M.M., Matthias,P. and Schaffner,W.
(1989) EMBO J., 8, 2001-2008.
4271
H.Halfter et al.
Kimmerly,W., Buchman,A., Kornberg,R. and Rine,J. (1988) EMBO J.,
7, 2241-2253.
Klug,A. and Rhodes,D. (1987) Trends Biochem., 12, 464-469.
Kuziora,M.A. and McGinnis,W. (1988) Cell, 55, 477-485.
Laemmli,U.K. (1980) Nature, 227, 680-685.
Langford,C.J. and Gallwitz,D. (1983) Cell, 33, 519-527.
Langford,C.J., Klinz,F.-J., Donath,C. and Gallwitz,D. (1984) Cell, 36,
645-653.
Ma,J. and Ptashne,M. (1987) Cell, 51, 113-119.
Mortimer,R.K. and Hawthome,D.C. (1969) In Rose,A.H. and Harrison,J.S.
(eds), The Yeasts. Academic Press, New York, Vol. 1, pp. 385-460.
Pluskal,M.G., Przekop,M.B., Kavonian,M.R., Vecoli,C. and Hicks,D.A.
(1986) BioTechniques, 4, 272-283,
Sanger,F., Nicklen,S. and Coulson,A.R. (1977) Proc. Natl. Acad. Sci. USA,
74, 5463-5467.
Santoro,C., Mermod,N., Andrews,P.C. and Tjian,R. (1988) Nature, 334,
218-224.
Shore,D. and Nasmyth,K.A. (1987) Cell, 51, 721-732.
Shore,D., Stillman,D.J., Brand,A. and Nasmyth,K.A. (1987) EMBO J.,
6, 461-467.
Sorger,P.K. and Pelham,H.R.B. (1988) Cell, 54, 855-864.
Sweder,K.S., Rhode,P.R. and Campbell,J.L. (1988) J. Biol. Chem., 263,
17270-17277.
Walker,S.S., Francesconi,S.C., Tye,T.-K. and Eisenberg,S. (1989) Mol.
Cell. Biol., 9, 2914-2921.
Received on August 30, 1989
Note added in proof
The EMBL DataBank accession number for the BAFI sequence is
X 16385BAFI.
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